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U I. SUMMARY

1 Flow within the thrust chamber of an MPD arcjet is examined experimentally and

modeled with a two-dimensional MHD code. Two quasi-steady MPD thrusters are

considered under the same input conditions of current (21 kA) and total mass flow rate

(6x10 "3 kg/s, argon + 1.5% hydrogen). The arcjets have the same basic design, consisting

of a central cathode, 3.8 cm diameter and 5 cm long, separated from a coaxial anode of

equal length by a uniform gap of 2.3 cm. Two different mass injection arrangements are

used (100% at mid-radius, and 50% at the cathode base, with the remainder at mid-

radius). A new spectroscopic analysis procedure is developed that allows distributions of

radial speed, heavy-particle temperature and turbulent speed to be extracted from chordal

3 measurements of light emission by the two species in the plasma flow. Good qualitative

(and reasonable quantitative) agreement exists with distributions calculated by the MHD

code, indicating that flwo within the thrust chamber expands from an electromagnetically-

pumped plasma base (vs a pumped jet off the cathode tip). The significant variation of

internal flow dynamice with mass injector arrangement implies the need for extensive

experimentally-validated code modeling in order to evaluate the potential performance of

MPD thrusters.

I
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II. INTRODUCTIONI

For the last twenty-five years, there has been continued interest in the so-called

I magnetoplasmadynamic (MPD) arcjet. Operation of an arcjet in the MPD mode was

discovered by A. Ducati in the course of research on arcjet performance in which he

I lowered the input mass flow rate to the thrust chamber and found that a relatively benign

discharge condition could be achieved.1 Rather than leading to higher chamber

I temperatures with increased erosion of the electrodes the reduction in mass flow provided

increased lifetime, higher specific impulse, and (for hydrogen, at least) higher efficiency.

These improvements were accomplished in a device that retained the simplicity of conven-

tional arcjets in regard to construction, parts-count, and power supply requirements.

Subsequent studies extended operation to propellants other than hydrogen, and included

various arrangements of auxiliary magnetic fields, and electrode geometries.2 "6 MPD

arcjet became a general appellation for devices ranging from steady conventional arcjets

(operating at higher current and/or lower mass flow rate than thermal arcjets), pulsed high

current discharges (descended from plasma-pinch engines), and cross-field Hall accelerator

arrangements (e.g. see comments by Jahn in ref. 7). Along with the broadening of the

MPD arcjet category (which at best might recognize a commonality of physical mecha-

nisms or concerns) came a profusion of theoretical models and experimental data, which

were often consistent within individual devices, but in conflict when applied across the

entire class of thrusters. The difficulty of probing within the small (- few mm) chamber

dimensions of steady-state devices, and the need to identify thruster arrangements/regimes

I with attractive performance values has involved a concentration on terminal

measurements, such as current, voltage, and thrust. Detailed diagnosis of the structure of

the discharge and flow within the thrust chamber has been attempted only in the higher

power (- megawatt) quasi-steady laboratory devices, and even then, only for a limited

range of operating conditions.8 14

The particular difficulties with understanding MPD arcjet performance in terms of

the actual thrust and energy transfer mechanisms within the arcjet chamber have been

twofold: an inability to monitor experimentally changes in flow structure with variation in

terminal conditions; and inability to model accurately the two-dimensional,

ac2
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electromagnetically-powered discharge flow. The present paper discusses recent progress

in overcoming these difficulties in terms of a new spectroscopic technique for obtaining

thrust chamber flow conditions, and the application of a two-dimensional MHD code

developed originally for pulsed, coaxial plasma gun modeling. 15I
III. EXPERIMENTAL APPARATUSI
A. Experimental Technique and Equipment

At the R&D Associates Washington Research Laboratory, the experimental facility

for the study of MPD arcjets uses a 6 meter long stainless steel vacuum tank with a 0.61

m inside diameter. The tank has two coaxial 35.6 cm diameter diagnostic ports for an

optically clear view through the test section. In addition, there is an electrical feed-

through port and two 8-inch diffusion pump ports at opposite ends of the tank that are

connected to two 2000 liters/sec diffusion pumps. The base vacuum of the system is of

I the order of 1.5 x 10-6 Torr.

Two MPD arcjet configurations have been used for the study of internal flow

I dynamics: 1) all orifices at the mid-radius of the chamber backplate as shown in Figure

1; and 2) half the mass flow through orifices at mid-radius, and the remainder through

orifices opening to a circular groove surrounding the cathode base. The latter arrangement

was prompted by the apparent deposition of cathode material on the boron nitride

insulator after extended use of mid-radius-only injection. Both arcjet configurations has a

brass outer anode with a copper-tungsten alloy cathode. The inner electrode gap is 23

mm and the channel length is 50 mm. Argon with 1.5% hydrogen mixtures were feed to

the experiment via six optically triggered fast puff valves providing a quasi-steady mass

flow into the thrust chamber through choked orifices in the boron nitride backplate. The

fast puff valves had a rise time of approximately 4 msec to 90% peak flow with a flow

duration as determined by tf.e gas plenum (typically 8 msec). In both experimental

arrangements, the total riass flow was 6 x 10-3 kg/s.

The discharge is powered by a 400 kU capacitor bank connected as an LC-ladder

network. At an initial voltage of 18 kV, approximately 45 kA can be delivered to the

experiment with a full width at half maximum (FWHM) of 0.88 msec; a simple change in

connection can provide -90 kA with a FWHM of 0.44 msec. Voltage and current

I 3
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measurements are recorded with digital data acquisition equipment and analyzed with a

dedicated data analysis computer in an adjacent screen room.

B. Arcjet Operating Characteristics

Typical discharge current and terminal voltage (uncorrected for initial and final

inductive transients) are displayed vs time in Figures 2a & 2b for a clarge on the

capacitor bank of 8 kV and a mass flow rate of 6 x 10-3 kg/s. Quasi-steady operation, as

indicated by these measurements, is obtained after about 150 ts and persists for about 550

gis with a discharge current plateau of approximately 21 kA and a voltage of 48 V. The

terminal voltage is monitored with a 1000:1 voltage probe with the signal to the screen

room via a optical data link. The high frequency noise on the terminal voltage waveform

I is a ccnsequence of the optical data link receiver and does not reflect voltage fluctuations

at the arcjet.

The input power during the quasi-steady phase is therefore -1 MW, which,

reasonably corresponds to high power, quasi-steady MPD arcjet operation studied by other

groups for many years. 12' 14 Based on such studies, plasma speeds on the order of 104 m/s

are expected. Such speeds would provide Doppler shifts/widths, A A o = u/c = 3.3 x 10"5,

or AX = 0.014 nm (for the AR II line at 434.8 nm). For sufficient dispersion by a

spectrograph, in combination with electronic amplification of the observed light intensity,

non-intrusive measurement of heavy-particle speeds should be possible. Furthermore, it

should be possible to sample entire sections of the arcjet flow field in a single test si- t by

employing a two-dimensional detector array.

C. Spectroscopic System

For spectroscopic analysis of the entire flow field, a digital spectral and spatial

data acquisition system has been developed at the RDA Washington Research Laboratory

in a cooperative program with a group at the Massachusetts Institute of Technology 14.

The system, displayed schematically in Figure 3, is comprised of a 1.2 meter, f/I 1.5

spectrograph with a EG&G/PARC silicon intensified optical multichannel analyzer (OMA-

SIT camera). The OMA-SIT is a two-dimensional (500 x 500) sensor array that can be

gated on and off with a pulse width down to 40 ns. The spectroscopic system with input

5 optics is mounted on an optical bench adjacent to the experiment.

In order to make measurements within the arcjet thrust chamber, a series of four

5 slits were machined symmetrically in the outer conductor 1.6mm wide at a position

I 4
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22.7mm from the insulator. By aligning the spectrograph slit perpendicular to the axis of

symmetry of the MPD accelerator simultaneous chordal views can be sampled through the

slit in the outer conductor. This light is then dispersed spectrally onto the two-

dimensional sensor array of the OMA-SIT camera thereby providing intensity iiformation

as a function of wavelength and position along the slit.

The spectril and spatial output from the camera is processed by an IBM System

9000 laboratory computer for immediate background subtraction and signal averaging.

Each data acquisition in normal operation is comprised of 62.5 kbytes of wavelength

versus position versus intensity data. Software permits the spectrum at any slit position

(i.e. chordal position) to be displayed and manipulated. In particular, corrections for

systematic errors and noise can be incorporated directly, prior to attempting analysis of

line shape (at a given slit position) or intensity vs position (at a given wavelength). The

present data collection configuration yields a wavelength resolution of 0.00113 nm/pixel in

3rd order at 434.8 nm with a spatial resolution at the experiment of 0.25 mm/pixel.

* IV. EXPERIMENTAL RESULTS

A. Inter-electrode Current Distribution

In addition to the spectroscopic diagnostic systems, magnetic probes (integrating

the local DB/at) are used to delineate the discharge structure within the thrust chamber.

Two magnetic probes were used made of 20 turns of thin Cu wire with an effective

diameter of 1.2mm encased in sealed pyrex tubes 3mm diameter. The two magnetic

probes were mounted on an xy-translator with external positioning and with a positioning

accuracy of -0.2mm. Current contours developed over repeated test firings are displayed

in Figures 4a and 4b for the two arrangements of mass injection, as indicated. Note that

the current distribution for the case with mass flow through orifices at the mid-radius

(Figure 4a) is basically retained within the arcjet thrust chamber, with less than 5% of the

total current beyond the exit plane. There were also clear indications that near the boron

nitride insulator the current distribution was perturbed in response to the entry of relative-

ly high density, low speed flow through the gas inlet ports. With half the mass flow

through orifices at mid-radius, and the remainder through an opening at the cathode base

(Figure 4b), more than 20% of the total current is beyond the exit plane. In addition, less

5
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radial j x B forces on the plasma near the cathode are apparent. Both arcjet designs

operating at 21 kA and 6x10 "3 kg/s had a measured terminal voltage of -50 V.

B. Temperature of Argon Ions and Hydrogen Atoms, and Electron Density

The spectroscopic system was used to determine the argon ion and hydrogen3particle temperature from a comparison of the observed emission profiles to Doppler-

broadened profiles. If the velocities of radiating systems of mass m have a thermal

distribution, then Doppler broadening results in a Gaussian line shape,

I(1) IJ(r) [(pAX
Vi-cA).D LADj

where AXD = < Vth >X/c, where < vth > = [2kT/m] is the most probable velocity of the

I emitters and e(r) is the local volume emission coefficient versus radius. The emission

profile for hydrogen is also affected by Stark broadening due to the presence of free

electrons. The observed emission profile for hydrogen will be (in the presence of Stark

and Doppler broadening) a convolution of the two line shapes and will be the well-known

Voigt profile. Analysis of the Lorentzian component can be used to determine the

electron density. Therefore, for measurement of the kinetic argon ion and hydrogen

temperature and the electron density requires accurate determination of the respective

emission profiles versus radius.

The intensity observed by the SIT-OMA from the arcjet is the integral across a

cord of observation. To obtain the emission profile e(r) of the arcjet plasrr , it was

necessary to unfold the observed intensity with a data unfolding technique. For an

axisymmetric discharge, it is reasonable to assume that a volume element at a radius r is

equivalent when observed at any chordal position and is therefore the same when viewed

from any angle assuming that the discharge is optically thin, then the observed intensity

across a cord for an axisymmetric geometry is given by:

6
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I(y) - 2f e(r) rdr (2)

where y is the vertical distance from the axis to the cord of observation. With these

assumptions, a conventional Abel inversion data-unfolding technique can calculate the

emission coefficient versus radius r at each observed wavelength X. The Abel inversion

technique employed in the present analysis developed by Keefer et. al., utilizes a Fourier

transform technique and is effective with noisy data.1 6 1 7

Time integrated line profile measurements were made through the slit in the outer

conductor of the arcjet with only mid-radius gas injection of the ArU 434.803 nm line and

the 696.28 nm line of hydrogen (Ha). With the system resolution, 94 radial data points

I are taken per discharge. The Arl emission was recorded with the spectrograph in second

order and the system resolution was 0.002216 nm with a measured instrument profile that

was a Gaussian with a full with at half maximum (FWHM) of 0.01262 + 0.00045 nm.

The observed signal, which is the integral across the cord of observation, was spatially

I filtered and also filtered versus wavelength with a low frequency bandpass with cutoff

frequencies as determined by the allowable spectral frequencies from the instrument

profile. The signal was then Abel-inverted at each observed wavelength to yield the arcjet

emission coefficient versus radius. This produced line emission profiles versus radius that

was least squares fitted to a Gaussian profile at each observed radial position in order to

determine the argon ion temperature. Figure 5 shows the relative wavelength integrated

intensity versus radial position from the Abel inversion. Figure 6 shows a Gaussian fit to

the line emission profile at 13.6mm from the cathode with a corrected FWHM of 0.0189

+ 0.00066 nm. In general, excellent fits to Gaussian profiles were obtained at all radial

positions.

Line profile measurements were also made of the hydrogenfla emission at 696.28

nm. The observed intensity was filtered and Abel-inverted is the same manner as

described for the argon data to yield line emission profiles versus radius. As previously

stated, the observed line emission profiles were a convolution of Gaussian and Lorentzian

profiles (Voigt profile). A de-convolution technique using inverse Fourier transforms was

used to separate the line emission profile into the two components. 18"19 No Lorentzian

I
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Scomponent could be deconvolved for radial positions between the cathode o within 10mm

of the anode. From the fit to the Lorentzian component, the electron density was

3 calculated using standard techniques for analysis of Stark broadened Ha emission.20 2 1'22

The results, shown in Figure 7, indicates electron densities of 1.5 - 4x10 15 /cm3 for

regions near the anode. Over the region between the cathode and 13mm radially, the

electron density is less than approximately lxl015 /cm 3.

A fit to the Gaussian component of the deconvoluted hydrogen emission profile

using equation 1, indicates a particle temperature of -0.5 eV, whereas, a fit to the ArlI

I emission at the same radial and axial position indicates a argon ion temperature of 13.6

eV. The two measurements are in sharp disagreement indicative of the presence of gross

I mass motion and microturbulence in the plasma. 2122 In order to estimate the extent to

which one would expect the hydrogen and argon ions to achieve the same temperature and

flow velocity in the experiments, the time for energy equipartition assuming classical

coulomb collisions only was calculated. From Spitzer, the equipartition time is, 23

5.87AAf _T Tf/2

e (3)
eq nf Z2Z2 nA A Af)

I where, nf = density of field particle in cm "3 ,

A,Af = atomic masses of test and field particles [AMU],

Z,Zf = ionic charge,

inA = coulomb logarithm, and

T,Tf = temperatures in °K.For particle densities inside the thrust chamber of

_1015 /cm 3, and electron temperature on the order of -1 eV, then the equipartition time is

30 ns. At flow speeds of -104 m/s, the characteristic discharge length for equipartition is

then 8 -0.3mm, which is less than the measurement window (> 1 mm). Therefore, the

hydrogen and argon are expected to be better coupled in velocity space than indicated

from particle temperatures calculated from the measured Gaussian emission profiles.

C. New Technique for Measurement of Speed, Turbulence, and Temperature

As discussed previously, the integrated light intensity accumulated along a succes-

sion of chordal views of an axisymmetric object is usually converted to an emission

intensity per unit volume distribution with respect to the cylindrical radius by means of

8
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the Abel inversion. This technique is quite reasonable in converting the total intensity

(over all wavelengths) from a function of position (perpendicular to both the symmetry

axis and the chordal view) into a function of cylindrical radius. At any particular wave-

length, however, the contributions by emitters moving toward or away from the observer

along the chordal view depends on the angle of the view relative to the cylindrical radius.

That is, the Doppler shift of radiation at some point in the line profile appears for those

portions of the cylindrical distribution whose radial speed aligns with the chordal view.

For a chord that just grazes a particular cylindrical shell (in an azimuthally symmetric

distribution of intensity and velocity) the Doppler shift is negligible. The width of a

spectral line, however, will still have contributions due to random particle motions due

I both to the plasma temperature (heavy-particle) and hydrodynamic turbulence. Figure 8

schematically illustrates the observation geometry for an axisymmetric flow and the

I contributions to the observed intensity profile from an emission element at r' from two

different chordal positions, y and y'. If there are velocity components from the volume

element dV along the line of sight that are due to radial plasma motion, then the observed

intensity at y and X from dV will be shifted to + ko(Vrsin 0)/c at y'. The volume element

emission coefficient will then be given by:

I y " rin
AX + X vio (4)

I £(r,X) - c(r) exp - c

where 0 is the angle from vertical to the velocity vector at r and y, and e(r) is the

integral of the local emission coefficient over all wavelengths. Therefore for an emitting

gas with radial velocity components, a standard Abel unfolding technique to solve for

e-(r,X) would yield inaccurate emission profiles.

It is not possible to separate the effects of radial speed in the plane perpendicular

to the symmetric axis for arbitrary (albeit, axisymmetric) radial distributions of plasma

density, speed and temperature using direct Abel inversion of chordal data. Instead,

however, a new procedure can be followed in which Abel inversion of chordal path for

the total intensity of a line (integrated over all wavelengths) is first used to obtain the total

emission intensity as a function of radius, e(r). This distribution of total intensity then

9
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provides the amplitude factors for a succession of nested cylindrical annuli intercepted by

a chordal view. Each annulus contributes to the radiation received by the chordal view at

.any wavelength in a manner that depends on tlt, emission profile in the annulus, and the

components of radial speed along the chord as determined by geometry. The outermost

annulus, however, is only grazed by a chordal view, so its contribution at any wavelength

is related only to the random plasma speed. Thus, the outermost annulus emission profile

will be observed to be centered around the true line center, X0. For the adjacent chordal

view (closer to the symmetry axis), contributions are received from the next inner annulus,

that is also observed with the apparent line center around X0 with a emission profile a

function of random plasma speed at that radius just grazed by the chord, and the outer

annulus which has both a spread (due to the previously established random speed) and a

shift (on either side of the line center) associated with the component of radial speed

along the chord by plasma in this annulus. Two unknowns are, therefore, present at each

chord: the spread due to random motion for the annulus just grazed; and the shift due to

the component of radial speed in the next outboard annulus. Note that with the absolute

(total) emission intensity at each radius, c(r) is known using an Abel inversion technique

as previously described from wavelength integrated chordal intensity data. A two-

parameter, least-squares curve fit is performed in which two curves are added: a Gaussian

with the known emission E(r) and an unknown AXD (but vrsine = 0) and a curve consist-

ing of two equal Gaussians with emission £(r'), widths AXD(r'), but unknown shifts (+/-)

about X = ko, due to the unknown value of vr(r').

Application of this unfolding technique to the argon ion and hydrogen data for

mid-radius gas injection only was used to calculate the true emission profile versus radius

in the presence of radial velocity components and to yield a solution for vr versus radius.

Figure 9 shows the radial velocity component versus radius for this arcjet geometry with

mid-radius gas injection. The results indicate radial flow on the order of 104 m/s with a

peak speed of 1.25 x 104 m/s.

For a fully developed turbulence, the velocity distribution can be approximately

described by a Gaussian distribution. 24' 25 If the thermal and turbulent velocity motions are

uncorrelated then the unfolded emission profile in the presence of turbulence will

represent the convolution of two Gaussian distributions, (one thermal and one turbulent)

and the parameter AXD is related to the thermal and turbulent components by,22

10
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AX 2 OV (5)
ID

where < v >tr is the mean turbulent velocity and T is the gas kinetic temperature. If two

constituents in the flow of different mass have a common temperature and a common

turbulent velocity component, then equation 5 gives a system of two equations that can be

solved for T and < v >tr from the unfolded values of AXD versus radius.

Results of the analysis of the previously calculated emission profiles versus radius

for argon and hydrogen using equation 5 are shown in upper curve in Figure 10. This

I calculation has indicated particle temperatures of -0.5 eV in the midplane to anode region

with an -50% rise in temperature toward the cathode. The hydrodynamic turbulent

I velocity, (shown in the lower curve in Figure 10) shows a rise of nearly 300% from 1.5-

2.5 x 103 m/s in the midplane to anode region to about 7 x 103 m/s near the cathode.

I As discussed previously, two MPD arcjet configurations were studied. A second

design for gas injection with 50% at mid-radius and 50% at the cathode base was

prompted by the apparent deposition in the original design of copper and tungsten on the

boron nitride insulator in regions near the cathode. The observed chordal emission

profiles with the new gas injection design were significantly less broadened than the

previous design. Therefore, time integrated measurements through the slit in the outer

conductor of the 434.8 nm argon ion line were made with the spectrograph in third order

providing an increase in wavelength resolution of 0.00113 nm/pixel. The measured

instrument profile had a FWHM of 0.0043 + 0.00012 nm. The new Abel inversion

technique was then used to analyze the observed 434.8 nm argon ion and hydrogen H,,

intensity. These results are shown in Figures 11 and 12. The plasma in the thrust

chamber with the new gas injection design has radial velocity components on the order of

3 x 103 m/s with near zero velocity observed 12.5 to 17.5 mm from the cathode. These

measured radial speeds are approximately a factor of three less than observed in the

original arcjet design. Application of equation 5 to the corrected emission profiles for

argon ion and hydrogen emission indicates little or no detectable hydrodynamic turbulence

and particle temperatures on the order of 0.3 eV. However, the new design for gas

I
I 11
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injection causes the particle temperature to rapidly increase near the outei conductor to

-0.9 eV.

V. MHD CODE RESULTS

In addition to the experimental effort, a short series of numerical code simulations

of the MPD thrust chamber flow have been preformed to provide some initial indication

of flow field behavior, and also to evaluate the ability of the existing MACH2 computer

code 15 to handle MPD arcjet problems. The MHD code MACH2 is a one-temperature,

single fluid code with three magnetic field components. It includes an Arbitrary-Lag-

rangian-Eulerian (ALE) mesh with adaptive grid control, perfect gas or tabular equations

of state, thermal and magnetic field diffusion, radiative emission, and the Hall effect. The

initial calculations were made with coarse zoning and gave reasonable agreement with the

experimental magnetic field measurements.

Figure 13-16 display results from the MACH2 code for conditions resembling

those of the experimental tests, in terms of electrode dimensions, total current, and total

mass flow rate. For simplicity in the limited effort available, the mass flow is injected

uniformly through the insulator backplate, and the cathode is truncated sharply at the

anode exit plane. The current contours shown in Fig. 13 resemble those for the first arcjet

(mid-radius only injection) in regard to the retention of current flow within the thrust

chamber. With uniform mass injection, there is no indication in the code results of an

inflection of the. current streamlines at mid-radius.

At an axial position corresponding to the measurement station of the spectroscopic

studies, the single-temperature code computes a temperature that rise from about 1.4 to

2.8 eV in traversing from the anode to the cathode. While these values are significantly

higher than estimates from spectroscopic study of the first arcjet configuration, the

increase in temperature toward the cathode is similar. A decrease in particle density,

density values in the range of 1015 cm "3, radially inward from the anode is also implied

by both the code and the earlier Stark broadening data. The velocity vectors shown in

Figure 16 have maximum computed values 3.5x10 4 m/s, for very low density flow in the

thruster exhaust. Within the thrust chamber itself, maximum total speeds are about

2.4x1& m/s, in the low density flow approximately one-third of the inter-electrode gap

12
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from the cathode surface.

The calculated flow field within the thrust chamber has the appearance of plasma

expanding from a relatively high pressure region near the cathode base, while constrained

to curve axially downstream under the influence of the electromagnetic forces in the

discharge. At the measurement station, this flow field would exhibit a maximum radial

speed at about 6.4 mm from the cathode surface, in good agreement with experimentally-

derived distribution. (The code calculation, however, indicate a radial speed at this

position of about 5 km/s, which is less than half of the spectroscopic results.) Close

comparison of computational and experimental results would require more extensive

modeling, and measurements at additional axial stations, in order to discern differences

I that are due only to variances in exact geometry or location. A moderate amount of

further code development would also be useful to allow for nonequilibrium conditions,

(e.g., electron versus heavy-particle temperatures), and electrode boundary effects.

I
I
I
I
I
I
I
I
I
I
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VI. CONCLUSIONSI

In order to understand and improve the performance characteristics of MPD arcjets, it

I is necessary to determine the electromagnetic discharge and flow structures within the

thrust chamber and their relationship to the arcjet design and operating conditions. The

I present research program has analyzed in detail two MPD thrust chambers by measure-

ment of the electromagnetic field distributions, particle densities and velocities in the

I thrust chamber flow. A new technique was developed to unfold the emission distribution

and profile and to estimate thermal, radial and (in-plane) turbulent velocity components.

The results indicate that the plasma within the MPD arcjet with only mid-radius gas

injection has a strong radially-inward flow with a substantial increase in hydrodynamic

turbulence near the cathode. Analysis of a second MPD arcjet with 50% mid-radius gas

injection and 50% at the cathode center conductor indicates significantly reduced radial

velocities. In addition, the observed hydrodynamic turbulent velocities are reduced by a

factor of five along with significantly reduced kinetic temperatures in the chamber.

The measured radial mass flow and development of hydrodynamic turbulence

would have important consequences for thrust efficiency since shock and viscous losses

near the cathode surface would be expected. It may also be expected that the relative

strength of the radial (versus axial) flow can change significantly as the total current and

mass flow values are varied with fixed electrode configuration and injection geometry.

Such change in flow direction can substantially affect the MPD thruster performance for

reasons that cannot be inferred from simple scaling relationships based on electromagnetic

thrust and total mass flow. Examination of MPD performance by variation of operating

current and mass flow rate, (i.e., external parameters) with a fixed device geometry will

thus be an inaccurate procedure for assessing the potential of MPD thrusters. Instead, it

will be necessary to vary the arcjet geometry and/or mass-inlet ratios as the current is

changed. To guide the combination of geometry, current and mass flow toward an

optimum design, two-dimensional calculations are required.

I
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Figure 1. Schematic of MPD arcjet for study of MPD thrust chamber flow dynamics.
Gas injection is through 16 choked orifices at mid-radius in boron nitride
backplate.
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Figure 2. MPD arcjet operating characteristics: a) current delivered to the MPD arcjet has
a FWHM of 0.88 ms with a risetime of 0.1 ms. An initial charge of 8 kV on
the LC-ladder capacitor bank gives a current of approximately 21 kA; b)
terminal voltage at the arcjet (not corrected for inductive voltage transients)
attains a quasi-equilibrium value about 0.2 ms after current initiation.
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UFigure 3. Basic layout of the MPD arcjet experiment. In the present experiments, the
line of sight is actually through slits in the outer electrode of the thruster.
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I Figure 4. Current contours in the MPD arcjet operating at 21 kiloamps and 6 x 10-3 kg/s;
a) for the case of mass injection only at mid-radius indicates that the current

does not fill the thrust chamber and has radial force components towards the
cathode center conductor, b) for the case of 50% mass injection near the
cathode base and 50% at mid-radius indicates more than 20% of the current
external to the thrust chamber with reduced radial force components.
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radial position from Abel inversion of Ar UI 434.803 nm emission is peaked
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fit to a Gaussian profile is also shown.
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Figure 7. Calculated electron density versus distance from the cathode from Lorentzian
component of line profile fit to hydrogen 696.28 nm emission.
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Figure 8. The emission profile versus wavelength from an axisymmetric flow from
equivalent differential volume elements a y and y' will not be equal in the
presence of radial velocity components. The emission profile at y' will be
Doppler shifted to ± ,oVrsin 0/c where Xo is the line center.
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Figure 9. Application of new diagnostic technique in the study of the internal flow

dynamics of an MPD arcjet with a cathode center conductor and inner
electrode spacing of 2.3 cm for the case of mid-radius only mass injection
shows radial velocities on the order of 10 km/s.
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I Figure 10. Distribution of gas temperature (upper curve) and turbulent speed (lower curve)

for the case of mid-radius only mass injection, based on both argon and
hydrogen emission analysis.
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11. Application of new diagnostic technique in the study of the internal flow dynamics of
an MPD arcjet with a cathode center conductor and inner electrode spacing of 2.3 cm
for the case of 50% mass injection at cathode base and 50% at mid-radius shows
radial velocities on the order of 3 km/s.
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12. Distribution of gas temperature (upper curve) and turbulent speed (lower curve) for the
case of 50% mass injection at cathode base, based on both argon and hydrogen

I \ i

emission analysis indicates reduced turbulent speeds to less than I km/s.
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I
13. Current contours calculated by MACH2 computer code for case of uniform mass

injection (at 6 g/s) through insulator backplate. Total current in 21 kA.
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14. Constant temperature contours in units of (eV) calculated by MACH2 computer code
for case of Fig. 13.
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15. Constant atom number density contours in units of (cm-3 ) calculated by MACH2
computer code for case of Fig. 13.
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Cathode .,-

16~. Distribution of flow velocity calculated by MACI-f computer code for case of Fig. 13.
Magnitude of longest vector (well downstream of cathode comner) is 3.5x1& rn/s.
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lary magne~ig fields, and electrode
geometries - .MPD arcjet became an
appellation for devices ranging from

P.J. Turchi, Ohio State University steady conventional arcjets (operating at
J.F. Davis, R & D Associates, Inc. higher currents and/or lower mass flow

H.F. Roderick, University of New Mexico rates than thermal arcjets). pulsed high
current discharges (descended from~plasma-pinch engines), and cr~ssed-field

&Hall accelerator arrangements . Along
with the broadening of the MPD arcjet

Flow within the thrust chamber of an category (which at best might recognize a
HPD arcJet is examined experimentally, commonality of physical mechanisms or
and modeled with a two-dimensional MHD concerns) came a profusion of theoretical
code. Two quasi-steady MPD thrusters are models and experimental data, which were
considered under the same input condi- often consistent within individual
tions of current (Ji kA) and total mass devices, but in conflict when applied
flow rate (6 x 10- kg/s, argon + 1.5% across the entire class of thrusters. The
hydrogen). The arcjets have the same difficulty of probing within the small
basic design, consisting of a central (-few mm) chamber dimensions of steady-

cathode, 3.8 cm diam and 5 cm long, state devices, and the need to identify
separated from a coaxial anode of equal thruster arrangements/regimes with
length by a uniform gap of 2.3 cm. Two attractive performance values has
different mass injection arrangements are involved a concentration on terminal
used (100% at mid-radius, and 50% at the measurements, such as current, voltage,
cathode base, with the remainder at mid- and thrust. Detailed diagnosis of the
radius). A new spectroscopic analysis structure of the discharge and flow
procedure is developed that allows dis- within the thrust chamber has been
tributions of radial speed, heavy- attempted only in the higher power
particle temperature, and (in-plane) (-megawatt4 quasi-steady laboratory
turbulent speed to be extracted from devices 8 1 , and even then, only for a
chordal measurements of light emission by limited range of operating conditions.
the two species in the plasma flow. Good
qualitative (and reasonable quantitative) The particular difficulties with
agreement exists with distzibutions cal- understanding MPD arcjet performance in
culated by the MHD code, 1.idicating that terms of the actual thrust and energy
flow within the thru- ,amber expands transfer mechanisms within the arcjet
from an electromagneti ally-pumped plasma chamber have been two-fold: an inability
layer extending e' r .ream of the cathode to monitor experimentally changes in flow
base (ya a pumped let off the cathode structure with variation in terminal
tip). The signIficant variation of inter- conditions; and an inability to model ac-
nal flow dynamics with mass injector curately the two-dimensional, electromag-
arrangement implies the need for exten- netically-powered discharge flow. The
sive experimentally-validated code present paper discusses progress in over-
modelina in order to evaluate the coming these difficulties in terms of a
potential performance of MPD thrusters. new spectroscopic technique for obtaining

thrust chamber flow conditions, and the
application of a two-dimensional MHD code

/KIED /UCE developed originall 5 for pulsed, coaxialI plasma gun modeling1 5

For the last twenty-five 
years,

there has been continued interest in the EXPERIKENTAX APPARATUS
so-called magnetoplasmadynamic (MPD)
arcjet. Operation of an arcjet in the MPD Experimental Techniaue and EquiDment
mode was discovered by A. Ducati in the
course of research on arcjet performance At the R & D Associates Washington
in which he lowered the input mass flow Research Laboratory, the experimental
rate to the thrust chamber, and found facility for study of MPO arcjets uses a
that a relatively benign discharge con- stainless steel vacuum tank, 6.0 m long
dition could be achieved i . Rather than and 0.61 m inside diam, as a vacuum
leading to higher chamber temperatures, plenum for quasi-steady arcjet operation.
with increased erosion of the electrodes, Attached to the upstream end of this tank
the reduction in mass flow rate provided are diagnostic sections with 35.6 cm diam
increased lifetime, higher specific ports for optically-clear views through
Impulse, and (for hydrogen, at least) the test section, including chordal
higher efficiency. These improvements access through the ercjet anode. Use of a
were accomplished in a device that separate diffusion pump (2000 I/s) at
retained the simplicity of conventional each end of the vacuum plenum establishes
arcjets In regard to construction, parts- an initial background pressure of about
count, and power supply requirements. 1.5 x 10- torr. The basic layout is
Subsequent studies extended operation to shown schematically in Fig 1.
propellants other than hydrogen, and
included various arrangements of auxil- Two MPD arcjets, differing only in

Copyright 0 190 Amevkan Ins1huteofAeronautlc and mass injector configuration, have been
Aslovnau|0,. Inc. All rllis rcrytd. used for the study of internal flow
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dynamics: 1' all mass flow through ofi- studid by other groups foe many
rices at mid-radius, as shown in Fig 2b; years ,8 , 2 , 4 . Based on such studies, it
and 2) half the mass flow through ori- is reasonable to expect algxi that
fices at mid-radius (with more open plasma flow speeds on the order of
transition to the thrust chamber), and 104 m/s will exist within the present
the remainder of the mass flow through artjets. Such speeds would provide Dop-
orifices opening to a circular groove ple shifts (and/or widths) of u/c - 3 x
surrounding the cathode base. The latter 10 , corresponding to 0.014 nm for the
arrangement (shown in Fig 3b) was Ar II line at 434.8 na. For sufficient
prompted by the apparent deposition of dispersion by a spectrograph, in combi-
cathode material on the boron-nitride nation with electronic amplification of
insulator after extensive use of mid- the resulting reduced light intensity,
radius-only injection. Both arcjet con- non-intrusive measurement of heavy-
figurations have a brass outer anode, and particle speeds should be possible. Fur-
a copper-tungsten alloy cathode. The thermore, entire sections of the arcjet

inter-electrode gap is 23 mm, and the flow field could be sampled on a single
channel length is 50 mm. For the present shot by employing a two-dimensional
experiments, the mass input is a mixture detector array.
of argon with 1.5% hydrogen, fed through
six, optically-triggered fast puff For such spectroscopic analysis, a
valves, connected by a common reservoir digital spectral and spatial data acqui-
to a plurality of choked orifices in the sition system has been developed at the
boron-nitride backplate. The fast puff RDA Washington Research Laboratory in a
valves have a risetime of approximately cooperative program with a group under
4 ms to 90% of peak flow. The total input Martinez-Sanchez at the Massachusetts
mass flow rate for both conf gurations in Institute of Technology1 4 . The system,
these experiments is 6 x 10- J kg/s. displayed schematically in Fig 1, com-

prises a 1.2 meter, f/ll.5 spectrograph

The discharge is powered by a 400 kJ with an EG&G/PARC silicon intensified
capacitor bank connected as an LC-ladder optical multichannel analyzer (OMA-SIT
transmission line. At an initial voltage camera). The OKA-SIT is a two-dimensional
of 18 kV, approximately 45 kA can be de- (500 x 500) sensor array that can be
livered to the experiment, with a pulse- gated on and off with a pulsewidth down
width (FWHM) of 0.88 ms; a simple change to 40 ns. The spectroscopic system with
in connection can provide 90 kA for input optics is mounted on an optical
0.44 ms. Voltage and current measurements bench adjacent to the thruster and vacuum
are recorded with digital data acquisi- tank.

tion equipment, and analyzed using a
dedicated data processing computer in a In order to observe the flow within
screened-enclosure adjacent to the the MPD thrust chamber, a set of four
experimental area. slits, 1.4 mm wide, were machined in theouter conductor, symmetrically on a

circle in a plane normal to the thruster
axis, 22.7 mm from the chamber side of

Arcjet Operating Characteristics the boron-nitride insulator. By aligning
the spectrograph slit perpendicular to

Typical records of discharge current the chamber axis of symmetry, simultane-
and terminal voltage (uncorrected for ous chordal views can be sampled (verti-
initial and final inductive transients) cally) by the sensor array, while the
are displayed in Figs 4a and 4b, for an light accumulated along any chordal view
initial capacitor voltage of 8 kV, and a is dispersed spectrally (in the ho'izon-
mass flow rate of 6 x 10- 3 kg/s. Quasi- tal direction). Software then allows the
steady operation, as indicated by these two-dimensional array of light intensity
measurements, is obtained after about values measured by the sensors to be dis-
0.15 ms, and persists for about 0.55 ms, played and manipulated as a function of
with a discharge current plateau of wavelength and position of the chordal
approximately 21 kA, and a terminal view.
voltage of 48 v. The terminal voltage is
monitored using a 1000:1 voltage (dlvi- The spectral and spatial output from
der) probe, connected to the screen room the camera is processed by an IBM System
by means of an optical data link. The 9000 laboratory computer for immediate
high frequency oscillations on the ter- background subtraction and signal averag-
minal voltage are primarily a consequence ing. Data acquisition comprises 62.5
of the optical data link receiver, and do kbytes of wavelength/position/intensity
not necessarily represent voltage fluc- values. Software allows correction for
tuations at the arcjet. systematic errors and noise, prior to

attempting to analyze spectral charac-
pectroscooic System teristics, such as line shape. The

present data collection configuration
The input power to the arcjet, based provides a wavelength resolution of

on the terminal electrical measurements, 0.00113 nm/pixel in 3rd order at 434.8Is about 1 Mw, which is similar to high nm, with a spatial resolution at the
power, quasi-steady MPD arcjet operation experiment of 0.25 mm/pixel.

2
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was Gaussian with a FWHM of 0.01262 nm
ZXILJMMLWTALR E LTS (+/-)0.00045 nm. The observed signal,

which is an integral along the chord of
IntJzr-Elec de Current Distrlbutiof observation, is spatially filtered, and

also filtered with respect to wavelength
Magnetic probes (pick-up coils (with a low frequency bandpass whose

integrating the local rate of change of cutoff frequencies are determined by the

magnetic field) are inserted in the MPD allowable spectral frequencies from the
thrust chamber to delineate the discharge instrument profile). The signal is then
structure. Two magnetic probes at differ- Abel-inverted at each observed wavelength
ent positions are used simultaneously in to obtain the emission coefficient of the
order to provide a general correlation of plasma as a function of radius. The
measurements while mapping the current resulting line emission profile at each
distribution over a large number of radius is least-squares fitted with a
shots. Both probes use 1.2 mm (effective) Gaussian distribution in order to deter-
diam coils, encased in 3mm diam Pyrex mine the heavy-particle temperature as a
tubes. The probes are mounted on an function of radius. Figure 5 shows the
externally-controlled, xy-translator that relative intensity of the (integrated) Ar
provides a positioning accuracy of -0.2 II line as a function of radius, based on
mm. Current contours developed over Abel inversion of chordal data. The line
repeated test firings are displayed for profile (at a position 13.6 mm from the
the two arcjet configurations in Figs 2a cathode) is displayed in Fig 6, along
and 3a, respectively. Note that in the with a fit to a Gaussian profile.
case of mass injection only at mid-
radius, there appears to be a persistent The same process of filtering the
inflection in the current contours at raw data, and then Abel inverting to
mid-radius. Such inflection is not ap- obtain the emission as a function of
parent in the second configuration, in wavelength and radius is applied to the
which half the mass flow is introduced H,,li'e at 696.28 nm. The emission pro-

near the cathode base, and a more open file is expected to be a combination of
transition to the thrust chamber is pro- Gaussian and Lorentzian profiles (Voigt
vided from tne orifices at mid-radius. profile). A deconvolution technique using
Also, on average, the current streamlines inverse Fourier transforms is employed to
near the cathode are less axially direc- separate these two component pro-
ted in the case of mass injection at the files 1 8 , 1 9 . Within 10 mm of the anode
cathode base. Furthermore, the discharge surface, fitting the Lorentzian component
current flows almost entirely within the of the lin ile in terms of Stark
thrust chamber with mass injection only broadening2 0 -22 indicates electron densi-
at mid-radius, while a significant frac- ties of 1.5 - 4 x 1015 cm- 3 . For radial
tion of the discharge extends beyond the positions more than 10 mm from the anode
chamber exit plane for the second injec- surface, no Lorentzian component could be
tor arrangement. It is useful to keep in extracted, suggesting that e elictron
mind that these two arcjets are operating densities are less than -10R cm , at
with the same terminal values of current, the particular axial station examined
input mass flow, and voltage, here.

Initial Spectroscopic Studies The Gaussian component of the
deconvolved hydrogen emission profile

The first set of spectroscopic indicates a heavy-particle temperature of
studies were performed under the assump- -0.5 eV, whereas a fit to the Ar IItion that the flow within the thrust profile at the same position suggests an
chamber is essentially axial. If this is argon ion temperature of 13.6 eV. Fol
true everywhere along a chordal view, particle densities of about 1015 cm-

then standard Abel inversion techniques and a temperature of the lighter hydrogen
may be applied to obtain the heavy- ("field") article f 1 eV, the energy
particle temperature as a function of equipartit on time29 based on classical
radius from spectral data recorded as a Coulomb colldions is less than 50 ns. Atfunction of chordal position. The Abel a speed of 10" a/s, hydrogen and argon

inversion technique (developed .by Keefer, ions would have the opportunity to
et al) employed in the present experi- achieve the same temperature in distances
ments utilizes a Fourier transform of less than 0.5 mm, which is less than
methyg 1 9 nd Is effective with noisy the streamwise size of the emitting
data . region sampled. The substantial disagree-

ment between the two estimates of heavy-
Time-integrated line profile particle temperature suggests that a

measurements are made through the slit in significant discrepancy might exist in
the anode for the case of mid-radius-only applying conventional spectroscopic
injection. Both the Arl 434.8 nm line analysis to the flow within the MPD
and the 696.28 nm line of H, are analyzed thruster (and possibly to other similar
in detail. With the system resolution, 94 situations as well). In particular, the
radial data points are taken per dis- initial simplification of strictly axial
charge. The Ar II emission is recorded flow can be inappropriate even though the
with the spectrograph in second order. solid boundaries channeling the flow are
The system resolution was 0.002216 nm, straight and parallel to the thruster
with a measured instrument profile that axis.
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The total emission coefficient as a
N[w _echnLJe 9 LaI n of Speed, function of radius is found by first
Trbulence. and Terixitlr integrating the intensity over the line

shape at each chordal view, to obtain a
The distribution of light intensity quantity that is independent of the angle

accumulated along chordal views of an between the chord and the radial flow,
axisymmetric, optically-thin radiator is and then Abel inverting this axisymmetric
usually converted to an emission Inten- quantity.
sity per unit volume as a function of
cylindrical rauius by means of the Abel For a particular radiating specie,

inversion. It is necessary in performing the effects of random motion are separ-
this inversion that, for each volume ated from the Doppler shifts due to net
element sampled along the chord, the radial velocity by the following pro-
radiation is emitted isotropically (at cedure. The axisymmetric radiating flow
least in the plane normal to the cylin- is considered as a set of coaxial shells,
drical axis) in each wavelength of each characterized by a net radial flow
interest. This condition is satisfied for speed, a random speed, and an emission
radiators in random thermal motion, and coefficient. At the outermost shell, the
also for turbulent motion of the radia- line shape is essentially due to Doppler

ting fluid, to the extent that, for each broadening, (since the flow velocity has
radiating element, there is zero net a negligible component with respect to
velocity along the chordal view, averaged the chordal view), so the random speed
over both the spatial and time scales of for this shell can be computed. The
the measurement. If there is a net chordal view of the next inner shell has
chordal component of flow velocity, in contributions due to the outer shell,
space and/or time, then the standard with symmetric Doppler shifts associated
application of the Abel inversion can with the radial speed of this shell, and
lead to erroneous res Its. Chordal views a rontribution due to the inner shell
across an axisymmetri:_ flow in which net that is only Doppler broadened, (since
local radial velocities are significant the chordal view is again at grazing
compared to the random thermal (or 19val incidence). A two-parameter, least-
turbulent) speed of the radiators can squares fit is made to the measurement at

include Doppler hAIt symmetrically this chord, using two symmetrically dis-
about the natural line center. These placed Gaussians of unknown shift, but
shifts might then be incorrectly included known amplitude and width (based on the
as Doppler broadening in the course of previous shell measurement), and an un-
fitting a Gaussian profile to the line shifted Gaussian of known amplitude, but
shape. unknown width. The resulting best-fit

parameter values provide the net radial
Figure 7 schematically depicts the speed of the previous shell, and the

components of the line shapes obtained by random speed of the present shell. with

two different chordal views of radiating these values, the procedure can then be
elements at the same radial position in continued to the inner shells, at each
an axisymmetric flow. If there are velo- stage obtaining the random speed of a
city components along the chordal view particular shell, and the radial speed of
due to a symmetrical, radial motion of the previous one.
the fluid at speed vr, then the volume
emission coefficlent as a function of Figure 8 displays the distribution
chordal position (defined by the angle 8) of radial speed yvj radial distance from
will include additions nd subtractions the cathode, based on the above pro-
to the random speed (due to thermal and cedure, for the case of mid-radius-only
local turbulent motions): injection. The radial speed appears to

decrease as the axially-aligned electrode1 in boundaries are approached, as expected,I snO but a maximum radial speed comparable to

E(r) ± Xo- anticipated axial speeds is also indi-
(r) - exp - cated within the straight-walled flow

AX '.D A D channel. By applying the unfolding pro-
cedure both to argon and hydrogen lines,
and assuming that these two species have

where E(r) is the emission coefficient the same temperature and fluid speeds
integrated over all wavelengths, & is the (directed and turbulent), it is possible
wavelength relative to the natural line to differentiate between thermal and
center X. , and the Doppler width, &XD, is turbulent contributions to the random
given in terms of a mean turbulent speed speed. In Fig 9, the resulting distri-
<V>t_ and a mean thermal speed based on butions of heavy-particle temperature,
the local temperature T, and t cu- and (in-plane) turbulent speed, averaged
far mass of the radiator, m 2S1 over the duration of the quasi-steady

flow, are shown y.g radial distance from
the cathode. Temperature and turbulence
are both seen to increase fLom anode to

2 -L [ <v>2 J cathode, at least at the particular axial
D Cstation of the measurement (22.7 mm from
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the insulator), with the turbulent speed code results of an InfliEalon f-the
achieving its highest value adjacent to current streamlines at mid-radius.
the cathode surface.

At an axial position corresponding
The corresponding distributions of to the measurement station of the spec-

radial speed, temperature, and turbulent troscopic studies, the single-temperature
speed for the second arcjet configuration code computes a temperature that rises
(50% .ass flow at the cathode base), dis- from about 1.4 to 2.8 eV in traversing
played in Figs 10 and 11, have signifi- from the anode to the cathode. While
cantly lower amplitudes at most radial these values are significantly higher
locations, suggesting that this mass flow than estimates from spectroscopic study
arrangement provides more uniform axial of the first arcjet configuration, the
direction of the flow, (at least at this increase in temperature toward the
axial position). The heavy-particle cathode is similar. A decrease in par-
temperature appears to increase rapidly ticle densit1, wj h density values in the
toward the anode y. the cathode in this range of 10 cm- , radially inward from
configuration, however, so further varia- the anode is also implied by both the
tion of mass injection design might be code and the earlier Stark broadening
usefully explored. (Observation of the data. The velocity vectors shown in Fig
reduced line width is accomplished by 15 have maximum computed vajues of 3.5 x
operating the spectrograph in third 104 m/s, for very low density flow in the
order, providing a wavelength resolution thruster exhaust. Within the thrust
of 0.00113 nm/pixel, and by reducing the chamber itself maximum total speeds are
measured instrumenL profile FWHM to about 2.4 x 10 m/s, in the low density

0.0043 nm (+/-)0.00012 nm.) flow approximately one-third of the
inter-electrode gap from the cathode

ll J1{DCQPDREJ[T surface. The calculated flow field within
the thrust chamber has the appearance of

In ae'ition to the experimental plasma expanding from a relatively high
effort, a short series of numerical code pressure region near the cathode base,
simulations of the HPO thrust chamber while constrained to curve axially
flow have been performed to provide some downstream under the influence of the
initial indication of flow field behav- electromagnetic forces in the discharge.
ior, and also to evaluate the abijity of At the measurement station, this flow
the existing MACH2 c(-puter code to field would exhibit a maximum radial
handle MPD arcjet problems. The code has speed at about 6.4 mm from the cathode
been developed over the last several surface, in good agreement with the
years, primarily to assist in the analy- experimentally-derived distribution. (The
sis and design of very high power, pulsed code calculations, however, indicate a
coaxial plasma guns26 , and, more recent- radial speed at this position of about 5
ly, coaxial plasma accelerators involving x l03 m/s, which is less than half of the
applied axial magnetic fields, (in parti- spectroscopic result.) Close comparison
cular, compact toroid plasma/magnetic of computational and experimental results
field systems). MACH2 is presently a two- would require more extensive modeling,
dimensional (plus axisymmetrir. iotation), and measurements at additional axial sta-
single-fluid MHD code. It is based on an tions, in order to discern differences
adaptive Lagrangian-Eulerian formulation, that are due only to variances in exact
and is readily configured for complex geometry or location. A moderate amount
(axisymmetric) channel boundaries. The of further code development would also be
equation of state options presently useful to allow for nonequilibrium condi-
available are both single-temperature, tions, (e.g., electron yj heavy-particle
(perfect gas, or tabular data for a wide temperature), and electrode boundary
variety of materials). Thermal and mag- effects.
netic diffusion, radiative emission, and
Hall effect are all included. For low CONCDING RMARKS
density, high current discharges, anoma-
lous electrical resistivity is modeled The present experimental and compu-
based on micro-instability theory. tational efforts indicate that signifi-

cant variations of flow dynamics within
Figures 12 - 15 display results from an MPD arcjet thrust chamber are avail-

the MACH2 code for conditions resembling able simply by altering the mass flow
those of the experimental tests, in terms injection arrangement, with the terminal
of electrode dimensions, total current, properties of the arcjet held fixed. It
and total mass flow rate. 7or simplicity is expected that variation of current or
in the limited effort avaiiable, the mass mass flow delivered to an arcjet with a
flow is injected uniformly through the fixed injector arrangement and channel
insulator backplate, and the cathode is geometry will, likewise, substantially
truncated sharply at the anode exit change the internal flow. Even apart from
plane. The current contours shown in Fig uncertainties in behavior due to changes
12 resemble those for the first arcjet in electrode operation with flow condi-
(mid-radius-only injection) in regard to tions, the basic flow within the MPDthe r tention of current flow within the thrust chamber may not yet be well under-
thrust chamber. With uniform mass stood, (let alone controlled). The
injection, there Is no indication in the present code results, for example,
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I suggest a rather unconventional picture 7 Jahn, R.G. _
of the MPD thruster flow, in which the r9.pjIjI~n, McGraw-Hill, NY, 1968,
so-called "pumping" mode, normally per S.
associated with the formation of a plasma Chapter 8.
jet off the cathode tip, is actually
established along the length of the 8 • .,
cathode surface. (This was previously Journal, Vol. 9, 1971, p. 1372.
noted in Ref. 8). The high pressure 9 J R.G et al, AIAA Journal vol
usually thought to be exerted at the , " l,, •
cathode tip is instead supported by the 9, 1971, p. 167.
axial electromagnetic force ("blowinglb
mode) and kinetic pressure gradient near 10 Kribel, R., et al, AIA Journal, Vol..

the cathode base. (It is almost certainly 9, 1971.
true that not every MPD arcjet will opert
ate in this fashion, under all conditions h, R.C. and Jahn, R.G., AIAAof current and mass flow rate.) Journal, Vol.10, 1972.

Since thruster performance, in 12 Bruckner, A.P. and Jahn, R.G., AIA.A
terms of lifetime and efficiency, should Journal, Vol. 12, 1974, p. 1198.
be expected to vary significantly with 13 Aeschliman, D.P. and Evans, D.L., J.

variations in the flow field, and inter-
actions of the flow with boundaries, Quant. Spectroscopy and Red. Transfer,
evaluation of the potential of MPD arc- Vol. 16, 1976, p. 191.

jets for space missions cannot be reason- 14 Heimerdinger, D.J., et al, "Effect of
ably based on empirical surveys of ter-
minal properties for a limited number of Axial Variation of Electrode Spacing on
devices. Instead, computational tools, MPD Arcjet Behavior", 19th International

validated by close comparison with Electric Propulsion Conference, Colorado

experimentally-determined flow fields in Springs, CO, May 11-13, 1987.

at least a few representative thruster 15 Buff J. et al, IEEE Transactions on
arrangements, must be employed to select 15 Buff, e, eal. IEEE Transacions6o
and optimize candidates for further Plasma Science, Vol. PS-15, 1987, p. 766.
experimental development. The present 16 Keefer, D.R., et al, J. Quant. Spec-
paper demonstrates both experimental and
computational techniques that can be used toscopy and Rad. Transfer, Vol. 39,
to accomplish a consistent and valid 1988, p. 3 6 7 .examination of MPD arcjet behavior, but 17 Smith, L.M., IEEE Transactions onmuch more work remains to be done. 'Information Theory, Vol. 34, 1988, p.
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Fig. 2 a) Current contours for the case
of mass injection only at mid-radius; b)
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Fig. 3 a) Current contours for the case
of 50% mass injection near the cathode
base, and 501 at mid-radius: b) schematic
diagram of MPD arcjet with mass Injection
at cathode base, and modified muid-radius
injector geometry.
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